Most plant phylogenetic inference has used DNA sequence data from the plastid genome. This genome represents a single genealogical sample with no recombination among genes, potentially limiting the resolution of evolutionary relationships in some contexts. In contrast, nuclear DNA is inherently more difficult to employ for phylogeny reconstruction because major mutational events in the genome, including polyploidization, gene duplication, and gene extinction can result in homologous gene copies that are difficult to identify as orthologs or paralogs. Gene tree parsimony (GTP) can be used to infer the rooted species tree by fitting gene genealogies to species trees while simultaneously minimizing the estimated number of duplications needed to reconcile conflicts among them. Here, we use GTP for five nuclear gene families and a previously published plastid data set to reconstruct the phylogenetic backbone of the aquatic plant family Pontederiaceae. Plastid-based phylogenetic studies strongly supported extensive paraphyly of Eichhornia (one of the four major genera) but also depicted considerable ambiguity concerning the true root placement for the family. Our results indicate that species trees inferred from the nuclear genes (alone and in combination with the plastid data) are highly congruent with gene trees inferred from plastid data alone. Consideration of optimal and suboptimal gene tree reconciliations place the root of the family at (or near) a branch leading to the rare and locally restricted E. meyeri. We also explore methods to incorporate uncertainty in individual gene trees during reconciliation by considering their individual bootstrap profiles and relate inferred excesses of gene duplication events on individual branches to whole-genome duplication events inferred for the same branches. Our study improves understanding of the phylogenetic history of Pontederiaceae and also demonstrates the utility of GTP for phylogenetic analysis.
Introduction
Phylogenetic inference provides an historical framework for understanding fundamental evolutionary processes, such as speciation and adaptation. Phylogenetic reconstruction in plants has largely used data from the plastid (chloroplast) genome, although low-copy nuclear genes are increasingly employed (e.g., Steele et al. 2008; Duarte et al. 2010; Regier et al. 2010) , and the growing availability of large genomic data sets from multiple taxa has the potential to revolutionize the inference of plant phylogeny. Nonetheless, the plastid genome continues to be the molecule of choice for phylogenetic studies for a variety of reasons (e.g., Olmstead and Palmer 1994; . For example, it has a conservative DNA substitution rate across a range of genes and a relatively conserved gene order in most land plants. It also has strong conservation in gene number, with generally only one gene copy per genome; plastid genes are occasionally lost but never transferred from other genomes. These properties reduce complications associated with primer design, sequence recovery, and orthology assignment across divergent taxa. However, the entire plastid genome is a single nonrecombining linkage group, which means that different plastid genes do not provide completely independent records of phylogenetic history (e.g., Doyle 1992; Maddison 1997) .
The nuclear genome, in contrast, represents a potentially much larger source of information on phylogenetic relationships from multiple independent linkage groups. However, the relatively rapid evolution of nuclear genes, coupled with the overall fluidity of the genome in terms of gene copy number and order, make phylogenetic inferences more challenging. A particular difficulty is uncertainty in the orthology of the characters used. Orthology of genes is almost always unambiguous for plastid data, but nuclear genes are often part of gene families that undergo repeated rounds of expansion and contraction in copy number due to gene duplication and extinction processes (e.g., Kellogg and Bennetzen 2004) . Over time these processes can obscure relations among homologous loci. Incorrect assumptions about gene orthology, particularly mistaking paralogs for orthologs, can lead to conflicting gene trees and uncertain or distorted inferences of the overall species tree from gene tree data (Maddison 1997) .
The increasingly inexpensive recovery of large-scale nuclear data sets through advances in DNA sequencing technology has encouraged the development of theoretical and analytical techniques for assessing gene orthology. Orthology assessment requires reconciling apparent conflicts within or among phylogenies inferred from multigene families, which is the basis of the gene tree parsimony (GTP) method (Goodman et al. 1979; Page and Charleston 1997; Slowinski et al. 1997) . GTP considers both congruence and conflict in one or a collection of gene tree genealogies, using both to infer an overall (rooted) species tree that minimizes the number of gene duplications, gene losses, or deep coalescences. It does so by reconciling any conflicts among the genealogies considered. When considering multigene families, the reconciliation cost of a tree can be calculated simply as the minimum number of gene duplications needed to reconcile the gene trees to the observed species tree. Gene losses can also be considered as part of the reconciliation cost, but this is not recommended where there is the possibility of incomplete sampling of all members of the gene family in each species (Page and Charleston 1997) . The tree with the lowest reconciliation cost among and within gene trees is preferred as the best estimate of species phylogeny. GTP has been implemented in three programs, GeneTree (Page 1998) , Gtp (Sanderson and McMahon 2007) , and DupTree (Wehe et al. 2008) , and has been applied to data from a variety of taxonomic groups (e.g., Maier et al. 2001; Frajman et al. 2009; Holton and Pisani 2010) . The advantage of GTP for phylogenetic inference using nuclear sequences is that no a priori knowledge about the orthology of gene copies is necessary to infer species trees; indeed, the reconciliation of conflict among gene genealogies provides core evidence for the overall pattern of species relationships.
Here, we use GTP to reconstruct the species phylogeny of the aquatic flowering plant family Pontederiaceae (Monocotyledoneae: Commelinales, Cantino et al. 2007 ; Angiosperm Phylogeny Group 2009) using five nuclear gene trees and previously published plastid data (Graham et al. 1998 (Graham et al. ,2002 . This small family is composed of ;35-40 species from five genera: Eichhornia (8-9 spp.), Heteranthera (13-16 spp., including several species sometimes included in segregate genera), Monochoria (7-8 spp.),Pontederia (6-9 spp.), andHydrothrix (1 sp.) (Barrett and Graham 1997; Barrett 2004) . Members of the family are largely concentrated in the New World tropics, particularly lowland South America and Brazil (Barrett 1978) . They display a remarkable diversity of life history and reproductive strategies, ranging from highly clonal, long-lived taxa that inhabit permanent marshes and river systems, to exclusively sexual species that are annual and occur in ephemeral pools, ditches, and rice fields. Linking these extremes are species with various combinations of sexual and asexual reproduction and a variety of floral strategies (tristyly and enantiostyly) and mating systems, including self-incompatible and self-compatible taxa. Evolutionary studies of the family over the past three decades have focused primarily on selected taxa that possess tristylous and monomorphic (homostylous) reproductive systems (reviewed in Barrett 1988 Barrett , 1993 Barrett et al. 1992) . Phylogenetic reconstructions using both morphological (Eckenwalder and Barrett 1986 ) and plastid sequence data (Graham and Barrett 1995; Kohn et al. 1996; Graham et al. 1998 Graham et al. , 2002 have been employed to investigate character evolution and the systematic relationships of taxawithin the family and its close relatives.
Four published data sets have been used to investigate systematic relationships and character evolution in Pontederiaceae. The first was based on morphological characters, and the resulting trees were poorly supported, likely due to sampling error caused by the relatively small data set (Eckenwalder and Barrett 1986) . Later, plastid DNA restriction site variation (Kohn et al. 1996) and DNA sequences from the plastid genes rbcL and nhdF (Graham and Barrett 1995; Graham et al. 1998 Graham et al. , 2002 resulted in well supported trees that were mutually congruent but incongruent with the poorly supported trees inferred from morphological data (Graham et al. 1998) . The plastid genealogy strongly supported the monophyly of Pontederiaceae and three of the major genera (Pontederia, Monochoria, and Heteranthera). In contrast, Eichhornia was inferred to be nonmonophyletic and to comprise four distinct lineages, two of which are polyploid. Our ability to investigate the polyploid origins of these species has been limited by the nonrecombining nature of the plastid genome. In addition, there remains substantial ambiguity in the location of the root of the phylogeny (see Graham et al. 2002) . Nuclear DNA sequence data may provide further insights into these phylogenetic issues.
In this study, we present new data from five nuclear gene families recovered using primers designed from genes from an earlier expressed sequence tag (EST) study (Ness et al. 2010) . We used GTP on these nuclear genealogies to infer relationships among 14 exemplar (representative) species that we chose to encompass the broad phylogenetic backbone of Pontederiaceae. Our study addressed the following specific issues: 1) How congruent is the species tree inferred by using GTP to reconcile the five nuclear gene families with that inferred from plastid data alone? 2) Can GTP clarify our understanding of the placement of the root of Pontederiaceae, which is unclear from plastid data alone? 3) GTP assumes that the gene genealogies being reconciled have been inferred correctly, so how can we incorporate estimates of the uncertainty in gene tree inferences when inferring the species tree? and 4) Do phylogenetic inferences of where the gene duplication events occurred correspond to inferences of past episodes of polyploidization in the family?
Materials and Methods

Taxon Sampling
We selected 14 species of Pontederiaceae including species from across the major lineages, based on our current understanding of the phylogeny of the family from the plastid-based analysis of Graham et al. (2002) . The species Ness et al. · doi:10.1093/molbev/msr119 MBE sampled for nuclear data were: E. azurea, E. crassipes, E. meyeri, E. paniculata, E. paradoxa, Eichhornia sp., H. multiflora, H. seubertiana, H. zosterifolia, Hy. gardneri, M. hastata, M. korsakovii, P. sagittata, and P. subovata. Source information for these species is presented in supplementary table S1, Supplementary Material online. The taxon we refer to as Eichhornia sp. is an undescribed species that was originally identified by Eckenwalder and Barrett (1986) as E. paradoxa. However, subsequent evidence indicates that it is a distinct species from E. paradoxa, based on morphological differences, hybrid sterility, isozyme differentiation, and plastid DNA sequence variation (Kohn et al. 1996; Barrett SCH, unpublished data) .
Primer Development and Sequencing
Primers for nuclear loci were developed based on EST sequences derived from E. paniculata and E. paradoxa (for details of EST sequencing, see Ness et al. 2010) . We identified ESTs with conserved DNA sequence in both Oryza sativa and Zea mays, under the assumption that these sequences would be more similar across the species used in our study. We annotated the selected ESTs using BLAST2GO (Conesa et al. 2005; Götz et al. 2008 ), a program that uses BlastX to identify all putative homologs in the nonredundant protein database at NCBI. We designed degenerate primers and used them to amplify gene regions from genomic DNA extractions. We chose a subset of six primer pairs that most reliably amplified across all samples. These loci (described in table 1) were annotated by BLAST2GO as putative homologs of a protein phosphatase (serine/threonine phosphatase), a coatamer subunit, a nucleoside diphosphate kinase, an importin, a protochlorophyllide reductase, and a DNA-J like protein. We cloned the products of each polymerase chain reaction (PCR) and sequenced both forward and reverse strands in four to eight clones per amplification per species using an ABI 3730XL florescent-based capillary sequencer. We assembled forward and reverse sequence strands with Sequencher 4.7 and confirmed all genotypes manually. Sequences from each of the six amplifications were aligned using Muscle (Edgar 2004) . We manually adjusted all alignments to ensure the most accurate alignment (e.g., , and sequences with no similarity to any other sample were assumed to be cloning or PCR artifacts and were therefore discarded. Three of the six primer pairs amplified loci with conserved exons flanking a highly variable intron. In these cases, the introns were too divergent amongst the species to align reliably and so we excluded them from subsequent analyses. We also excluded near identical sequence reads (,1% of sites were variable) derived from the same species to avoid including allelic variants or sequences that only varied due to errors introduced during amplification, cloning, or sequencing. We excluded one candidate gene family that had limited recovery across the taxa that were sampled because it recovered clearly nonhomologous fragments in different species, presumably due to low specificity of amplification. However, including homologous sequences from this gene family in the analysis has little or no effect on the results or conclusions (data not shown).
Reconstructing Genealogical and Phylogenetic History
We generated maximum likelihood (ML) genealogies for each of the five alignments using the software Garli v1.0 (Zwickl 2006 ) with a general time reversible (GTR) þIþC model in which the substitution matrix, proportion of invariant sites (I), and shape of the gamma distribution (C, with four rate categories for the shape parameter a) were estimated from the data. In addition, we generated 2,000 bootstrap replicate genealogies for each alignment to assess support for the genealogies and for use in later analyses.
To fit the best overall species tree for the five genealogies, we used the program DupTree (Wehe et al. 2008) . DupTree generates rooted species trees from multiple genealogies using GTP (Goodman et al. 1979; Page and Charleston 1997; Slowinski et al. 1997 ). It implements a standard rooted subtree pruning and regrafting heuristic search to identify the optimal rooted species tree topology, which is the one that minimizes the number of inferred gene duplications necessary to reconcile each genealogy with this candidate species tree. DupTree minimizes only the number of duplications during reconciliation rather than considering both duplications and losses as part of the reconciliation cost because incomplete taxon and sequence sampling may be erroneously interpreted as gene copy losses (Page and Charleston 1997) . We used the unrooted ML genealogies generated in Garli v1.0 as input for DupTree. Local search heuristics are not guaranteed to find the global optimum and so we reran DupTree 1,000 times using random starting trees to increase the probability that all the shortest trees were found.
DupTree assumes that the gene genealogies used are fully resolved (bifurcating) and does not take into account uncertainty in each gene tree. We therefore attempted to assess the impact of uncertainty in genealogical inferences using two methods. In the first case (''Bootstrap-1''), we evaluated the sensitivity of the inferred species tree to uncertainty in each of the five genealogies, in turn. We ran 1,000 iterations of DupTree where one of the five gene trees was represented by an individual tree inferred from a bootstrap pseudoreplicate, generated in Garli v1.0, and the best ML gene tree was used for the other four. We repeated this for each of the five gene trees and summarized the effect of each on the species tree by calculating the proportion of iterations that supported each clade pooled across results from the separate analyses of each locus. We computed this using the majority-rule consensus function in PAUP* (Swofford 2003) . In the second method (''Bootstrap-2''), we assessed the effect of uncertainty in genealogical inferences of all alignments simultaneously. This approach is similar to a previously published method from Cotton and Page (2002) . We ran 1,000 DupTree iterations in which we simultaneously sampled single ML bootstrap pseudoreplicate genealogies for each of the five gene families per iteration. We again summarized the results as the fraction of analyses that recovered each clade of interest across iterations.
We repeated all of these analyses considering the unrooted plastid-based genealogy of Graham et al. (2002) Nuclear Phylogenetics of Pontederiaceae · doi:10.1093/molbev/msr119 MBE as an additional gene tree. We pruned taxa from the plastid dataset that were not included in our study to maintain similar taxon sampling and interpolated the position of two taxa sampled here but not in the plastid data. Specifically, P. subovata was interpolated as the sister group of P. sagittata in the plastid tree (representing an assumption of monophyly for this genus and based on unpublished plastid sequence data), and H. multiflora was interpolated in the position of H. reniformis in the study of Graham et al. (2002) , as these three Heteranthera species were predicted to be closely related to each other by Horn (1985) .
Cost of Suboptimal Roots of the Species Tree
The current plastid genealogy of Pontederiaceae is well resolved, but its exact rooting remains unclear (see Graham et al. 2002) . We used the program GeneTree v1.3.0 (Page 1998) to calculate the reconciliation cost for rerooting the overall species tree, estimated from each of the five nuclear gene trees and the plastid data, on all of its suboptimal branches. We reconciled each of the five nuclear gene tree genealogies in turn to the optimal species tree (GeneTree can only perform pairwise reconciliations), repeating this for each of its 26 possible roots, and then summing the minimum number of duplications required to fit each of the genealogies for each rerooting. GeneTree requires rooted genealogies as input for this analysis. To root the individual nuclear gene trees generated in Garli v1.0, we used the most common, shortest rooted genealogy for each alignment that was estimated by running 1,000 iterations of DupTree; rooted gene trees are part of the output from the tree reconciliation exercise. We used this method to examine suboptimal species tree roots, including those that are nearly optimal. Using GeneTree in this manner might be expected to recover the same best species tree as DupTree, as the two programs use the same underlying reconciliation principle.
Gene Duplication and Polyploidy
We assessed correspondence between instances of wholegenome duplications (including paleopolyploidy events inferred on internal branches) and the number and position of inferred gene duplications on one of the four species tree inferred from the nuclear and plastid gene trees (see below). We first mapped polyploidization or demipolyploidization events onto the tree using the program ChromEvol v1.1 (Mayrose et al. 2010 ). ChromEvol defines polyploidization as a doubling of the haploid chromosome number, whereas demi-polyploidization is an increase of 1.5Â in the chromosome number due to the union of a reduced and an unreduced gamete, eventually leading, for example, to hexaploid formation (Mayrose et al. 2010) . The program uses the current chromosome number of each species and the rooted species tree to reconstruct ancestral changes in chromosome number in a phylogeny. We estimated the parameters for each of eight models included with the program and chose the model with the best fit based on the Akaike information criterion. The model chosen estimates a constant rate of chromosome loss and gain and constrained the rate of demi-polyploidization and polyploidization to be equal and constant across the tree. This allowed us to map changes in ploidy along each branch in the tree. We then used GeneTree to identify the location on the tree where gene duplications occurred. The number of gene duplications inferred for each branch was summed across all five nuclear gene tree reconciliations, and these were visually compared with the occurrence of partial or whole-genome duplications.
Results
In total, we recovered 226 alignable sequences for the five primer pairs totaling 2,524 bp of aligned nuclear sequence per taxon, after intron exclusion. Following the removal of nearly identical sequences from the same species, 108 ''unique'' sequences were identified (mean 21.6 sequences/alignment). In this reduced set, there were 560 parsimony informative sites (table 1). The bootstrap majority consensus for each of the five unrooted genealogies that we reconstructed is presented in figure 1 . The proportion of branches resolved with greater than 50% support varies from 0.57-0.80, with a mean bootstrap value of 82.7% for resolved branches across the five genealogies. As expected in genealogies with paralogous sequences, the relations among species in each of the genealogies did not unambiguously reflect the known relationships or the taxonomy of the family.
Nuclear-Based Species Tree
The rooted species tree inferred from the five genealogies is contrasted with the plastid topology of Graham et al. (2002;  modified here with two interpolated taxa) in figure 2. Using MBE our Bootstrap-1 method to assess support for this tree, we found 10 of 12 branches were supported by at least 70% of the iterations. On average, 73% of bootstrap replicates from each of the five genealogies supported a rooting of Pontederiaceae on the branch leading to E. meyeri as the best choice. The nuclear-based tree is similar to the current plastid topology with two exceptions. First, Hy. gardneri is nested within Heteranthera s.s., whereas in the most recent plastid trees, Hy. gardneri is depicted as the sister group of Heteranthera Second, unlike the plastid-based tree, the nuclear tree did not support the monophyly of Pontederia but instead indicated that P. subovata was sister to E. azurea and P. sagittata, among taxa sampled here.
Combined Nuclear and Plastid Species Tree
We recovered four shortest species trees in this case; one of the four trees matched the unrooted plastid genealogy in its underlying topology, and we used this tree for display purposes ( fig. 3 ). All subsequent analyses that are presented here are based on this species tree; however, the results are consistent across all four trees. We assessed the effect of uncertainty in individual genealogies on the species tree using the two methods that incorporate bootstrap pseudoreplicates from each gene family. In both cases, a high proportion of species tree inferences using individual or multiple bootstrapped gene trees recovered the same clades found using the species tree inference illustrated in figure 3 . This pattern remained when we bootstrapped one genealogy at a time, pooling results for each iteration (Bootstrap-1), and when we used bootstrap replicates for all genealogies simultaneously for an iteration (Bootstrap-2). In both cases, a high fraction of bootstrapped reconciliations supported a root for the species tree with E. meyeri as the sister group to the rest of the family (88% with Bootstrap-1 and 68% with Bootstrap-2). Most branches were recovered with at least 50% support from both bootstrap methods (excluding one branch in Heteranthera and the monophyly of Pontederia with Bootstrap-1).
Rooting the Pontederiaceae Phylogeny
We used the program GeneTree to calculate the reconciliation cost of every possible rooting of the The reconciliation costs for each of the possible roots are shown in figure 4. As expected, because Duptree and GeneTree use the same underlying reconciliation method, both agree that the branch leading to E. meyeri is the lowest cost root for the species tree that reconciles all of the nuclear and plastid gene trees (figs. 3 and 4). The branch leading to Heteranthera and the branch connecting Heteranthera and E. meyeri to the rest of the family were the next two lowest cost possibilities, with one or two additional duplication(s) required to reconcile the genealogies compared with the optimal root.
Gene Duplication and Polyploidy
To investigate the association of polyploidy with gene duplications, we mapped polyploidization events and gene duplications onto the species tree reconstructed from the nuclear and plastid gene trees ( fig. 5 ). We inferred four full genome duplications and one demipolyploidization within the crown clade of Pontederiaceae; three of these polyploidization events occurred on the terminal branches leading to E. azurea, E. crassipes, and M. korsakovii, respectively, and the fourth occurred on the stem lineage leading to Heteranthera. With GeneTree, we inferred a total of 46 nuclear gene duplications distributed across 14 branches in the phylogeny, including 12 duplications on the stem lineage leading to the family (i.e., before the radiation of the extant species, assuming the current sampling represents the whole crown). All instances of polyploidization were associated with gene duplication events.
Discussion
A major finding of this study is that the species tree we obtained from five nuclear gene trees was broadly congruent with previous phylogenetic estimates of the Pontederiaceae using plastid data alone, and is reasonably robust relative to the uncertainty inferred in the underlying gene trees. We also recovered a single best solution for the root of Pontederiaceae using these new data, although there are also several nearly optimal alternatives to this rooting. Below we contrast our results with previous phylogenetic studies and discuss the potential causes of the relatively minor topological differences that were revealed between nuclear-versus plastid-based species trees. We also consider the implications of polyploidy and gene duplication for phylogenetic inference using nuclear sequence data. 
MBE
Nuclear-Based Species Tree
Gene tree reconciliation as currently implemented does not attempt to take account of uncertainty in the underlying gene trees-these are assumed to be correct. However, individual gene trees are undoubtedly subject to stochastic error, and it would be appropriate to consider bootstrap support for the individual branches that are being reconciled. We attempted to do this by developing two different methods for incorporating the tree uncertainty captured by bootstrap analysis. The support for the species tree measured with our Bootstrap-1 method was quite strong (in this method, we examined the effect of including in each iteration, for each of the gene families, one pseudoreplicate bootstrap tree along with the best trees for the four other multigene families). Most species-tree branches in this case were recovered in at least 70% of iterations. Not surprisingly given the potential for a greater diversity of tree topologies in each iteration, support values from our Bootstrap-2 method were substantially lower (in this case, each iteration included only bootstrap pseudoreplicate gene trees from all five multigene families). The real robustness estimate for tree reconciliation may lie between these two estimates, but until a better method is developed for taking account of tree uncertainty we offer this approach as a possible means for estimating the certainty of species tree inferences using GTP. Despite the overall similarity between the five gene nuclear reconciliation presented here and previous estimates of phylogeny using plastid data alone (Graham et al. 1998 (Graham et al. , 2002 , there were two instances of incongruence ( fig. 2) . One of these concerns Heteranthera (including Hy. gardneri) and the other the placement of E. azurea relative to the genus Pontederia. First, our nuclear-based phylogeny was potentially incongruent with previous estimates of the phylogeny using plastid sequence data with respect to the placement of H. seubertiana relative to other species of Heteranthera. The nuclear-based species tree depicts H. seubertiana as the sister group of a clade comprising the remaining species of Heteranthera, defined broadly here to include Hy. gardneri ( fig. 2) , with weak to moderate support from the two different bootstrap methods. In contrast, previously published plastid data sets strongly group H. seubertiana in a clade with H. zosterifolia to the exclusion of the other two species sampled here. The earlier studies were also unable to robustly resolve the root of Heteranthera (in the largest study, Graham et al. 1998 recovered a basal trichotomy in Heteranthera between Hy. gardneri, H. limosa-H. rotundifolia and a clade of species that included H. zosterifolia and H. seubertiana).
One line of evidence supporting Hy. gardneri as sister to the rest of Heteranthera comes from analysis of chromosome number evolution. Reconstructions using ChromEvol (not shown) using the topology of Heteranthera in the nuclear-based species tree ( fig. 2 ; left-hand tree) require two independent genome duplications in this clade rather than the single one inferred if Hydrothrix is assumed to have the placement observed in the plastid tree ( fig. 3) . Thus, a more parsimonious arrangement considering chromosome number is one that places the morphologically distinctive Hy. gardneri as sister to the rest of Heteranthera.
The second discordant result between our nuclear-based species tree and published plastid-based trees (e.g., Graham et al. 1998 ) is that Pontederia is not supported as monophyletic FIG. 5 . Species tree of Pontederiaceae inferred using five nuclear gene trees and the plastid gene tree. Polyploid branches were mapped using ChromEvol, with inferred shifts marked in red for full genome duplication and orange for demi-polyploidization. Values indicate the inferred location and number of gene duplications made when reconciling individual nuclear gene trees to the species tree. Branch tips are labeled with the species name and haploid chromosome number (n) (Eckenwalder and Barrett 1986; Barrett 1988) . The branch marked with an asterisk (*) indicates that both a demi-polyploidization and full genome duplication are inferred to have occurred on this branch.
FIG. 4.
Species tree of the Pontederiaceae based on combined nuclear and plastid sequences, presented as an unrooted cladogram, showing reconciliation costs for root placements on each branch. Reconciliation costs are expressed in terms of the number of gene duplications necessary to reconcile all five nuclear gene trees to the species tree based on nuclear and plastid data, when rooted on the branch indicated. The lowest cost branch is marked with an asterisk (*), and the next two lowest costs root placements are bolded.
Nuclear Phylogenetics of Pontederiaceae · doi:10.1093/molbev/msr119 MBE ( fig.2 :P. subovata isdepicted as the sistergroupof P. sagittata-E. azurea). This result has only weak to moderate bootstrap support and so it may reflect stochastic error in one or more nuclear gene trees. Unpublished plastid sequence data from ndhF recovers the monophyly of Pontederia,placing P. subovata as sister to all other species of Pontederia. Our analysis with ChromEvol inferred a polyploidization event on the terminal branch leading to E. azurea ( fig. 5) , and it is possible that this genome duplication is the result of an ancient hybridization event between a species of Pontederia and the ancestor of E. azurea. However, if this were true, it would not necessarily lead to recovery of the species tree inferred using nuclear data seen in figure 2, as GTP assumes strictly bifurcating gene trees and species trees and is unable to accommodate discordance due to hybridization events (Page and Charleston 1997) . Therefore, the recovery here of a relationship that is consistent with this type of polyploidization event would be at best a coincidence and at worst an artifact. Nonetheless, it should be possible to resolve this issue by additional sampling of taxa (more Pontederia species and species of Eichhornia inferred to be closely related to E. azurea in plastid-based analyses, such as E. diversifolia and E. heterosperma).
Combined Nuclear and Plastid Species Tree
When we combined our five nuclear gene trees with the plastid gene tree of Graham et al. (2002) in a joint GTP analysis, we recovered a species tree that was completely congruent with the previous plastid-based phylogeny ( fig. 3) . We also recovered three additional trees with the same reconciliation cost. The four shortest trees each have combinations of the two differences found in the nuclear-based tree discussed above (i.e., two locations of E. azurea Â two topologies of Heteranthera). Gene duplications in the plastid tree are extremely unlikely. In fact, none have been observed in the long course of land plant evolution, with the exception of duplications in the plastid inverted repeat region, where duplicated genes do not diverge (Goulding et al. 1996) . Nonetheless, the plastid tree is worth including in reconciliations, in the same manner that a strictly single-copy nuclear gene would be worth including in tree reconciliations, as it is an independent estimate of species phylogeny and thus could help uncover additional gene tree conflicts.
Corroboration of the general shape of the Pontederiaceae phylogeny supports previous conclusions derived from plastid DNA sequence (e.g., Graham et al. 1998 Graham et al. , 2002 . In particular, our results support the finding that the genus Eichhornia is highly paraphyletic. Modifications to the taxonomy of the family to take account of our findings could either recognize distinct genera to accommodate these lineages (note that as E. azurea is the type species of the genus, only it and its close relatives could retain this name), combine one or more genera (Pontederia has nomenclatural priority in the family), or employ rank-free taxonomy (i.e., the draft Phylocode, available online at www.phylocode.org).
Rooting the Pontederiaceae Species Tree
Rooting the Pontederiaceae tree has remained a difficult problem because of the erosion in phylogenetic signal of divergent outgroups which may lead to artifactual or ambiguous rootings. Graham et al. (2002) used multiple outgroups to root Pontederiaceae and reported two potential root locations for different optimality criteria, and a range of suboptimal rootings that could not be ruled out statistically (see fig. 5 in Graham et al. 2002) . The optimal root based on parsimony split the family into Heteranthera (including Hydrothrix) versus all other species, whereas ML favored a root on the branch leading to both Heteranthera and E. meyeri. More extensive sequence data may help resolve the root of the plastid-based tree (Graham SW, unpublished data) but may still be subject to problems associated with the long branch connecting Pontederiaceae and its closest relatives. Our gene tree reconciliations did not include outgroup taxa but instead considered gene duplication evidence alone to root the family tree, which may be a useful alternative when the nearest sister group is distantly related to the ingroup (Mathews and Donoghue 1999) .
Our analyses support a rooting of the family that places E. meyeri as an isolated lineage that is sister to the remainder of the family (figs. 2-4). Five gene duplications support this rooting ( fig. 5) , and there is also weak to moderately strong support for this considering our different bootstrap measures (figs. 2 and 3). However, there are several root placements implied by the gene duplication data that are nearly as optimal; only two gene duplications separate the reconciliation costs of the top three root placements. The second and third most likely root placements are the optimal placements found for the best ML and MP trees for plastid-based phylogenies in Graham et al. (2002) . Thus, our results cannot be considered definitive, although the nearly congruent rooting arrangement with this earlier study is encouraging. Clearly, however, reconciliation of nuclear and plastid gene trees has provided new insight into the difficult problem of rooting the Pontederiaceae phylogeny and with larger sequence data sets and the addition of outgroup samples a solution to the problem may be achievable.
The finding that E. meyeri may be the sister group to the rest of Pontederiaceae is of particular interest for several reasons. First, the species is rather poorly known, having only been reported from a few localities in Northern Argentina, Paraguay, and Brazil, sites that are largely associated with the wetlands of the Grand Chaco and Matto Grosso. Eichhornia meyeri most closely resembles E. paniculata morphologically, which it has often been confused with in the literature (Eckenwalder and Barrett 1986) . Earlier studies of the floral biology of this species (Barrett 1988) demonstrated that it was monomorphic for style length, with two sets of stamens positioned close to the stigmas. This arrangement results in high levels of autonomous selfpollination and resembles the semi-homostylous condition found in several tristylous species of Eichhornia in which tristyly has broken down, resulting in the evolution of self-pollinating forms (reviewed in Barrett 1988) . However, the results from this study support the view that the monomorphic floral condition of E. meyeri is likely plesiomorphic (preceding the evolution of tristyly in the family). Eichhornia meyeri is self-compatible and the root position Ness et al. · doi:10.1093/molbev/msr119 MBE inferred here for Pontederiaceae, with E. meyeri sister to the remainder of the family, is still consistent with our earlier studies in which self-incompatibility was inferred to be plesiomorphic (e.g., Barrett and Graham 1997) , in contrast to most other self-incompatible flowering-plant families. The rarity of E. meyeri and its restricted distribution may be associated with progressive extinctions and loss of its wetland habitats during its long evolutionary history. The species clearly deserves conservation attention and additional study.
Gene Duplication and Polyploidy
Using contemporary chromosome numbers, we inferred four polyploidization events and one demi-polyploidization in the crown clade of Pontederiaceae ( fig. 5 ). These numbers are almost certainly underestimates because other species in the family not included here have polyploid chromosome numbers (e.g., Pontederia includes other diploid and tetraploid taxa; Eckenwalder and Barrett 1986) . Some taxa (e.g., H. zosterifolia, included in our study) have no chromosome number estimates. The polyploidization events we inferred may be one of the major causes of the 46 gene duplications revealed by our analysis, as 15 of the total gene duplications occur on branches where shifts in ploidy are inferred to have occurred. However, 12 gene duplications are inferred outside the crown clade. One possible explanation for this large number of early gene duplications is that they represent paralogous gene copies that either arose on the stem lineage or before the split of Pontederiaceae from its sister group, Haemodoraceae (Saarela et al. 2008) ; the former should be more informative about the root of the family, being closer in time to the root split and presumably less prone to saturation effects. Alternatively, the duplications could reflect incomplete sampling of members of a gene family. For example, divergent gene copies for which we have not sampled other orthologous sequences may be interpreted as duplications at the base of a tree because no information exists to support placement elsewhere. The number of gene duplications and their dispersion across the tree highlights the complexity of identifying orthologous sequences and the potential difficulties in using nuclear gene trees to infer species trees. Despite these complexities, the species tree inferred here is highly congruent with previous estimates based on plastid data alone, supporting the use of GTP as a method for mining further phylogenetic information from the nuclear genomes of these and other plants.
Conclusions
The aim of our study was to explore the utility of multiple nuclear gene trees for inferring the phylogenetic history of Pontederiaceae. Our investigations have demonstrated that the shape of the nuclear-based species tree is generally consistent with the plastid tree, and when we combined our nuclear gene trees with the plastid genealogy, we recovered a species tree that was completely congruent with the previous phylogenetic estimates. Our analysis also provided new evidence supporting a root placement in which E. meyeri is the sister group of the rest of the family, although several other placements are nearly as optimal. Lastly, by modeling the evolution of chromosome number, we showed that polyploidy could be responsible for a sizeable fraction of gene duplications in our gene trees. The history of gene and genome duplication complicates the relationships among homologous nuclear loci. However, using the phylogenetic signal present in multiple genealogies can provide a valuable method for inferring the relations among species by reconciling conflicts and clarifying the identity of orthologous versus paralogous gene copies. This approach will become increasingly relevant as the number of large-scale nuclear genome sequencing projects burgeons in future years.
Supplementary Material
Supplementary table S1 is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals .org/).
